ABSTRACT A 2 × 2 × 2 factorial experiment was planned to study the influence of dietary fat source (linseed oil or sunflower oil) and dietary doses of α-tocopheryl acetate (α-TA) (0 or 200 mg/kg of feed) and canthaxanthin (CX) (0 or 5 mg/kg of feed) on fatty acid (FA) composition and lipid oxidation of fresh and spray-dried eggs. Dietary supplementation with α-TA and CX modified the levels of certain long-chain polyunsaturated FA (PUFA). Lipid oxidation in fresh eggs and spray-dried eggs at 0, 6, and 12 mo of storage was measured by the (Key words: ω3 and ω6 fatty acid-enriched eggs, dietary α-tocopherol, dietary canthaxanthin, lipid oxidation, spray-dried egg)
INTRODUCTION
The enrichment of foods with polyunsaturated fatty acids (PUFA) has been extensively studied, because the consumption of these foods is associated with the prevention of cardiovascular diseases (Kinsella et al., 1990; Knapp, 1991) . The PUFA content in eggs has been increased through the supplementation of hen diets with fish oils, marine algae, vegetable seeds, or oils rich in ω3 or ω6 PUFA (Van Elswyk et al., 1992; Marshall et al., 1994; Aymond and Van Elswyk, 1995; Cherian et al., 1996a,b; Baucells et al., 2000) . However, this increase leads to a higher degree of unsaturation of the egg lipids and, thus, to an increase in the susceptibility to oxidation.
Although fresh shell egg lipids are not easily oxidized (Pike and Peng, 1985) , even during storage (Marshall et al., 1994; Cherian et al., 1996a) , oxidation is facilitated when eggs are processed, especially when high temperature treatments are involved (e.g., cooking, spray-drying, etc.). Spray-dried eggs are widely used in the food 1 To whom correspondence should be addressed: Ana.Barroeta@ uab.es.
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lipid hydroperoxide (LHP) and TBA values. The LHP and TBA values were up to 10 times higher in spraydried eggs than in fresh eggs. The evolution of LHP and TBA values in spray-dried eggs showed that ω3 FA-enriched eggs were more susceptible to lipid oxidation than those enriched with ω6 FA. The α-TA supplementation increased the lipid stability of enriched eggs and was very effective throughout the storage of spray-dried eggs. On the other hand, CX supplementation did not prevent lipid oxidation in PUFA-enriched eggs. Moreover, no synergistic effect between both compounds was detected.
industry (bakery products, cake mixes, sauces, etc.). Therefore, the control of lipid oxidation in such products is required to prevent the loss of nutritional and organoleptic values and to prevent the production of potentially toxic compounds (Kubow, 1990; Chow, 1992) . Lipid oxidation can be assessed by measuring primary oxidation products, such as lipid hydroperoxides (LHP), which are formed in the early steps of lipid oxidation, or by measuring secondary oxidation products, which are products of decomposition of LHP. Usefulness of these parameters to follow up lipid oxidation in foods greatly depends on their fatty acid (FA) composition and degree of oxidation (Grau et al., 2000b) . For the moment, and to our knowledge, only parameters measuring secondary oxidation products have been used to assess lipid oxidation in PUFA-enriched eggs. Therefore, in the present work, primary and secondary oxidation products will be measured to assess lipid oxidation.
To prevent oxidation of lipids, antioxidants are often used in the food industry. Synthetic antioxidants (e.g., butylated hydroxytoluene, butylated hydroxyanisole) have been progressively replaced by natural antioxidants (Qi and Sim, 1998) . Tocopherols are a reliable choice and have been tested successfully in several food products. Supplementation of animal diets with tocopherols increases the content of this natural antioxidant in animal food products and prevents lipid oxidation in broiler meat and egg products (Ajuyah et al., 1993b; Wahle et al., 1993; Cherian el al., 1996a) .
Researchers are looking for other natural antioxidants, as alternatives to tocopherols. Carotenoids are another group of natural antioxidants (Burton, 1989; Jørgensen and Skibsted, 1993) . The antioxidant activity of canthaxanthin (CX) is controversial. Some authors have reported the antioxidant activity of CX in model systems (Palozza and Krinsky, 1992; Jørgensen and Skibsted, 1993) , but its antioxidant activity in animal food products after dietary supplementation has been tested only in broilers, without clear results (Barroeta and King, 1991; Woodall et al., 1996) .
Our aim was to determine the effect of dietary α-tocopheryl acetate (α-TA) or CX supplementation on the FA composition and lipid oxidation of ω3 or ω6 FAenriched fresh and spray-dried eggs at different storage periods.
MATERIALS AND METHODS

Animals and Diets
A 2 × 2 × 2 factorial experiment was planned and replicated six times to study the influence of eight dietary treatments on FA composition and lipid oxidation in fresh and spray-dried eggs. Diets were formulated to meet NRC (1994) requirements (Table 1) and resulted from the supplementation of a basal diet containing 5% linseed oil 2 (LO) or sunflower oil (SO) with 0 or 200 mg of α-TA 3 /kg of feed, 0 or 5 mg of CX 4 /kg of feed or their combinations. Lohmann laying hens (192) were randomly distributed among the eight dietary treatments, and feed and water were provided ad libitum. Egg production was recorded daily and egg quality; including Haugh units, shell thickness, and yolk color (as Roche Color Fan score); was measured three times during the feeding period. Feed consumption was measured for the whole period of the experiment. Feed samples were taken three times during the experimental period for FA, α-tocopherol, and CX analyses.
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Linseed oil and sunflower oil were provided by Cailá-Parés S.A., E-08040 Barcelona, Spain. 
Sample Collection
After 40 d of feeding, all eggs produced were collected during 4 d and were kept at 4 C. Five eggs per replicate of each treatment were then cracked, homogenized, and frozen at −80 C until analyses (FA composition, α-tocopherol and CX contents, and lipid hydroperoxide LHP and TBA values) . The rest of eggs were also cracked, homogenized, and frozen at −20 C until the spray-drying process, which was performed by means of a cyclonetype spray-dryer 5 with inlet and outlet temperatures of 160 and 90 C, respectively. Spray-dried eggs were stored in closed glass containers at room temperature in the dark and LHP and TBA values were determined after 0, 6, and 12 mo of storage.
FA Analysis
Fatty acid composition was determined for feed (three samples per treatment) and fresh eggs (six samples per treatment). The lipid fraction of feed and egg samples was extracted according to Folch et al. (1957) , with some modifications, and methylated with 20% boron trifluoride-methanol complex in methanolic solution (Morrison and Smith, 1964) . The FA profile was determined by gas chromatography in a GC-14A Shimadzu chromatograph 6 equipped with a flame ionization detector and a capillary column (30 m × 0.53 mm i.d.) with a film thickness (0.5 µm) of the stationary phase of 30% methyl-+ 70% cyanopropyl-polysiloxane (BPX70).
7 Helium was used as the carrier gas. The oven temperature was programmed as follows: from 75 to 148 C at 4 C/min, from 148 to 158 C at 2.5 C/min, and from 158 to 225 C at 5 C/min. The other chromatographic conditions were injector and detector temperature, 280 C; head pressure, 8.7 psi; and sample volume injected, 0.4 µL for the feed samples and 0.5 µL for egg samples. Peak areas were integrated and converted to FA percentages (direct area normalization) by means of the CLASS-UniPac pro-gram. 8 The FA identification was carried out by retention times and by addition of standards.
α-Tocpherol and CX Analysis
The α-tocopherol from feeds (three samples per treatment) and CX from feeds (three samples per treatment supplemented with CX) and fresh eggs (four samples per treatment supplemented with CX) were analyzed by F. Hoffmann-La Roche Ltd. following Manz and Philipp (1981) and Manz and Vuilleumier (1988) , respectively. α-Tocopherol from fresh eggs (four samples per treatment) was extracted as described by Abdollahi et al. (1993) , and HPLC determination was performed according to the conditions described by Drotleff and Ternes (1999) .
LHP Determination
Lipid hydroperoxide values were determined as described by Hermes-Lima et al. (1995) with some modifications. Three grams of fresh egg or 0.5 g of spraydried egg was weighed into a 50 mL centrifuge tube and homogenized with 15 mL of cold (−20 C) HPLC-grade methanol using an Omni 2000 homogenizer.
9 Homogenates were centrifuged (3 min at 1,400 × g), and the supernatants were removed for assay. Five hundred microliters of 0.25 mM FeSO 4 , 200 µL of 25 mM H 2 SO 4 , 200 µL of 0.1 mM xylenol orange, 10 1,025 µL of water (volume of water needed to make up the final volume to 2 mL), and 75 µL of the methanolic extract were added sequentially to 10-mL a screw-capped tube. After incubation at room temperature under attenuated light for 5 h, absorbance at 560 nm was read with a Shimadzu 1203 UV spectophotometer. 8 The LHP value of samples is expressed as micrograms cumene hydroperoxide/g of egg (CHP), 11 and it was determined with reference to a linear regression curve performed with CHP as the standard.
TBA Determination
The TBA values were determined as previously described by Grau et al. (2000a) , starting with 1.5 g of fresh egg or 0.4 g of spray-dried egg.
Statistics
Multifactor ANOVA (MANOVA, n = 48) were performed to determine whether the factors studied (oil, α-TA, and CX supplementation) affected the FA composition of fresh egg and lipid oxidation (LHP and TBA values) in fresh and spray-dried eggs stored during different periods. Interactions higher than second order These values correspond to means ± SE.
2 SFA = total saturated fatty acids; MUFA = total monounsaturated fatty acids; PUFA = total polyunsaturated fatty acids; ω3 = total ω3 polyunsaturated fatty acids; ω6 = total ω6 polyunsaturated fatty acids. were ignored. In all cases, P ≤ 0.05 was considered significant.
RESULTS AND DISCUSSION
Diet Composition
The FA composition α-tocopherol and CX contents of the experimental diets are shown in Tables 2 and 3 . The first greatly depended on added fat source. The addition These values correspond to means ± SE.
2 LO = diet with 5% linseed oil; SO = diet with 5% sunflower oil; α-TA = 200 mg α-tocopheryl acetate/kg; CX = 5 mg canthaxanthin/kg. of LO resulted in higher proportions of ω3 FA, especially of linolenic acid (LNA) (35.1%), whereas addition of SO led to higher proportions of linoleic acid (LA) (56.7%) and total ω6 FA.
Laying Performance and Egg Quality Parameters
Laying rate, egg weight, daily feed intake, and feed efficiency were not influenced by dietary treatments (data not shown). In general, this result agrees with other authors using various dietary fats and tocopherol levels (Jiang et al., 1991 (Jiang et al., , 1994 Gebert et al., 1998; Qi and Sim, 1998; Grashorn and Steinhilber, 1999) .
Yolk coloration was affected by CX supplementation. The addition of 5 mg of CX/kg increased the Roche Color Fan score from 4.7 to 12.6 (P ≤ 0.0001), as expected, because CX has great pigmenting capacity in poultry products. The rest of the quality parameters (Haugh units, shell thickness) were not influenced by any of the factors studied. Our results are in concordance with those obtained by previous authors using diets with different degrees of unsaturation (Jiang et al., 1991; Cherian et al., 1996a; Qi and Sim, 1998) .
Egg Composition
The dietary fat source clearly affected the FA composition of fresh eggs (Table 4) . Dietary LO increased the content of total ω3 PUFA, the long-chain ω3 PUFA [eicosapentaenoic acid (EPA), docosapentaenoic acid, and docosahexaenoic acid (DHA)] by 3-fold, and decreased the arachidonic acid content, if compared with SO diets. The increase of total ω3 PUFA in eggs from LO treatments was mainly due to LNA (80.4% of total ω3 PUFA). In eggs from SO treatments, the content of LA and arachidonic acid were significantly higher than in LO treatments. These results are in agreement with other authors (Suzuki et al., 1994; Cherian et al., 1996b , Baucells et al., 2000 .
The effect of α-TA supplementation was only significant for certain long-chain PUFA. The EPA and DHA contents were significantly reduced by addition of 200 mg/kg of α-TA from 0.18 and 1.05% to 0.16 and 0.91%, respectively. The C 22:4 ω6 content was increased from 0.21 to 0.27%. Total ω3 FA was reduced by addition of 200 mg/kg of α-TA, but this difference was not statistically significant.
The effect of tocopherol supplementation on egg FA composition has scarcely been studied. Meluzzi et al. (1999) showed that DHA and total ω3 FA decreased when hen diets containing 3% fish oil were supplemented with 200 mg/kg of α-TA, and they held that α-tocopherol can interfere with the absorption and transport mechanisms of the ω3 FA, which accounts for this reduction. In contrast to our results, Cherian et al. (1996b) found an increase in EPA and DHA egg contents when a blend of tocopherols was added to a diet with menhaden oil, although they did not show that tocopherols had any effect on eggs from LO or SO diets. They suggested that this increase is due to the protective effect of tocopherols against oxidation or to the fact that tocopherols may enhance their synthesis through the ∆-6 desaturase pathway. On the other hand, other authors have not reported any effect of tocopherol supplementation on the FA profile of PUFA-enriched eggs (Qi and Sim, 1998) . Similarly to α-TA, supplementation with 5 mg/kg of CX had no effect on FA composition except for some of the long-chain PUFA. Canthaxanthin supplementation significantly decreased C 20:3 ω6 and DHA and increased C 22:4 ω6. The effect of CX supplementation on the FA composition of eggs has not been studied to date. However, the differences found in this and previous works were of low magnitude, and more research is needed on this controversial point to elucidate the effect of these compounds on the FA composition of eggs.
Regarding the α-tocopherol content of fresh eggs, the eggs from treatments supplemented with 200 mg α-TA/ kg of feed had α-tocopherol levels 10-fold higher than those from unsupplemented groups (Table 5) . α-Tocopherol deposit in eggs depends on the dietary level (Jiang et al., 1994; Qi and Sim, 1998) . The α-tocopherol levels found in eggs were similar to those obtained by other authors using similar levels of α-TA in the diets (Jiang et al., 1994; Gebert et al., 1998; Meluzzi et al., 1999) . Dietary oils and CX supplementation had no effect on α-tocopherol deposit in eggs.
Canthaxanthin content of fresh eggs was only analyzed from CX-supplemented groups (Table 5 ). There were no differences due to the effect of the oil or α-TA supplementation on CX deposit in eggs.
Lipid Oxidation in Fresh and Spray-Dried Eggs During Storage
Lipid hydroperoxide and TBA values in fresh and spray-dried eggs at 0, 6, and 12 mo of storage were compared. Table 6 shows the LHP values of eggs expressed as micrograms per gram of CHP. Spray-drying increased LHP values in fresh eggs, from 184.7 to 1,295.3 µg/g of CHP.
Dietary oils showed a different effect on the LHP values of fresh and spray-dried eggs. Although fresh eggs from SO diets showed higher LHP values than those from LO diets (324.34 vs. 45.06 µg/g egg), after spraydrying, those from LO diets showed levels slightly higher than those from SO diets (1,384.1 vs. 1,206.5 µg/ g egg). During storage of spray-dried eggs, samples from the LO diets showed a faster increase and also a faster decrease in LHP values than those from SO treatments. After 6 mo of storage, LHP values were higher in SO treatments (1,495.8 vs. 1,161.9 µg/g egg, P ≤ 0.01), but at 12 mo, there were no differences between oils (624.5 vs. 618.9 µg/g egg for LO and SO, respectively).
When hen diets were supplemented with 200 mg of α-TA/kg of feed, significant differences in the LHP values of eggs were observed. Eggs from α-TA-supplemented treatments showed lower LHP values in fresh Least-squares means were obtained from MANOVA (n = 48). In boldface, P ≤ 0.05.
2 SFA = total saturated fatty acids; MUFA = total monounsaturated fatty acids; PUFA = total polyunsaturated fatty acids; ω3 = total ω3 polyunsaturated fatty acids; ω6 = total ω6 polyunsaturated fatty acids. and spray-dried eggs throughout storage. Moreover, dietary oil and α-TA supplementation interacted in fresh eggs. Therefore, reduction of LHP values associated with α-TA supplementation was higher in eggs from SO diets than in those from LO treatments (Figure 1) .
The TBA values (expressed as ng malondialdehyde (MDA)/g egg) for fresh and spray-dried eggs are shown in Table 7 . In fresh eggs, there were no differences in TBA values for any of the factors studied, with values ranging from 30 to 50 ng MDA/g egg. These values correspond to least-squares means ± SE obtained from MANOVA (n = 24 for α-tocopherol and n = 16 for CX). When eggs were spray-dried, their TBA values were 6-to 10-fold higher than in fresh eggs. In addition, dietary oils and α-TA supplementation affected TBA values in spray-dried eggs.
Spray-dried eggs from LO treatments had higher TBA values than those from SO diets throughout storage. The TBA value evolution during storage was similar to that observed for the LHP values, i.e., increasing values up to 6 mo and then decreasing during the second half of the storage period. However, in the case of TBA, the maximum value for both oils was found at 6 mo of storage, whereas for LHP, LO eggs reached their maximum value before SO eggs did (Tables 6 and 7) .
Addition of 200 mg α-TA/kg of diet resulted in a significant (P ≤ 0.05) reduction in TBA values in spraydried eggs throughout storage. At 0 mo, eggs from α-TA-supplemented diets showed lower TBA values than those from unsupplemented groups (254.4 vs. 332.9 ng MDA/g egg). This difference was higher at 6 and 12 mo of storage (Table 7) .
Moreover, for the TBA values of spray-dried eggs, an interaction between the effect of dietary oil and α-TA supplementation was observed at 6 and 12 mo ( Figure  2A ). In these cases, the reduction of TBA values caused by α-TA supplementation was much higher in eggs from LO diets than in those from SO treatments. Canthaxanthin supplementation did not affect TBA or LHP values in fresh or spray-dried eggs during storage. The effect of dietary oil and CX supplementation on TBA values interacted in spray-dried eggs. Therefore, CX supplementation slightly reduced TBA values in eggs from SO treatments but increased these values in eggs from LO treatments. Although the same tendency was observed throughout storage, this interaction was only significant at 6 mo of storage ( Figure 2B ).
To facilitate the readability, the discussion of oxidation results will be divided according to the main factors studied.
Effect of Dietary Oils on Lipid Oxidation. Among the studies dealing with the enrichment of eggs with PUFA, some determine lipid oxidation using TBA value determination, that is, measuring secondary oxidation products. However, to our knowledge, no data has been published on primary oxidation products in PUFA-enriched eggs and egg products. In addition, the evolution of lipid oxidation in spray-dried PUFA-enriched eggs has only been slightly studied (Li et al., 1996) .
Fresh eggs from SO diets showed higher LHP values than eggs from LO diets, which can be explained, in part, by the higher peroxide values of the dietary oil (6.58 mEq O 2 /kg of LO vs. 12.66 mEq O 2 /kg of SO). Because some studies in humans and rats (Naruszewicz et al., 1987; Staprã ns et al., 1993 Staprã ns et al., , 1994 have shown that LHP can be absorbed from diet, a higher level of LHP could be deposited to eggs from SO diets than from LO diets, which, together with the prooxidant activity of peroxides, could explain the much higher LHP values of fresh eggs from SO diets. The difference in the peroxide values of the dietary oils can be attributed to a different level of natural antioxidants in these crude oils.
Levels of primary and secondary oxidation products in fresh eggs were very low. Fresh shell eggs were hardly affected by lipid oxidation as described by Pike and Peng (1985) . Moreover, Marshall et al. (1994) and Cherian et al. (1996a) showed that although the TBA values in fresh ω3 FA-enriched eggs were appreciable, they did not increase during storage at 4 C for 5 to 6 wk. Here, the TBA values of fresh eggs were lower than previously reported in PUFA-enriched eggs (Cherian et al., 1996a,b; Gebert et al., 1998; Qi and Sim, 1998) . Oxidative stability decreased when eggs were spray-dried. Spray-dried eggs from LO treatments showed higher levels of lipid oxidation products than those from SO diets (Tables 6 and 7) . This major susceptibility to oxidation of LO eggs can be explained by their higher content of total and long-chain ω3 FA. Our results are in agreement with those published Least-squares means ± SE were obtained from MANOVA (n = 48). In boldface P ≤ 0.05. by Grashorn and Steinhilber (1999) , who used different dietary oils to obtain different ω6/ω3 ratios and found that TBA values were higher in fresh eggs with a higher content of ω3 FA than in those rich in ω6 FA. Similarly, Cherian et al. (1996a,b) using fish, flax, palm, and sunflower oils to enrich eggs with different FA, found that TBA values from fresh eggs rich in ω3 FA (fish and flax oils) were higher than those from eggs rich in ω6 FA (SO). (Tables 6 and 7) . Our results confirm the antioxidant effect of tocopherols on fresh and spraydried eggs, previously reported by several authors. Cherian et al. (1996a,b) reported the protective effect of dietary supplementation with a blend of tocopherol isomers in PUFA-enriched eggs. Qi and Sim (1998) showed that egg TBA values decreased with increasing levels of a blend of tocopherols in hen diets from 0 to 400 mg/ kg diet. However, no differences between 400 and 800 mg of tocopherols/kg were detected. In spray-dried eggs, Wahle et al. (1993) , using increasing dietary levels of α-TA, showed that TBA values were inversely proportional to the α-tocopherol content of egg powders.
In contrast to our results and those reported in the previous paragraph, Gebert et al. (1998) found that addition of 100 or 200 mg of α-TA/kg to hen diets increased the TBA values of eggs stored for 6 mo and attributed a prooxidant effect to α-tocopherol at these doses. Similarly, Chen et al. (1998) , using different levels of α-TA in hen diets, reported that α-tocopherol had antioxidant activity up 50 µg/g egg yolk and was a prooxidant at 75 µg/g egg yolk. In our case, fresh eggs from α-TAsupplemented treatments showed a mean concentration of α-tocopherol of 178.8 µg/g of egg (approximately 536 µg/g egg yolk).
For LHP and TBA values, the effect of dietary oil and α-TA supplementation interacted. The LHP values of fresh eggs from SO had a greater reduction when supplemented with α-TA than those from LO diets (Figure 1 ). As mentioned above, fresh eggs from SO diets have higher LHP values than those from LO, probably as a result of the deposit of peroxides from the diet to the egg, where they can act as prooxidants. Thus, α-tocoph- Least-squares means ± SE were obtained from MANOVAs (n = 48).
2 LO = Linseed oil; SO = sunflower oil; CX = 5 mg canthaxanthin/kg.
erol was more susceptible to prevent oxidation in fresh eggs from SO diets than in those from LO, and thus the reduction in LHP values was more pronounced in eggs from SO diets. The reduction of TBA values was higher in the spraydried eggs from LO treatments than in those from SO diets (Figure 2A) . α-Tocopherol can show a higher antioxidant effect in spray-dried eggs from LO treatments because these eggs are more susceptible to lipid oxidation due to their more unsaturated lipid fraction.
Effect of CX Supplementation on Lipid Oxidation. Dietary CX supplementation at 5 mg/kg of feed had no antioxidant effect on ω3 or ω6 FA-enriched eggs. Its antioxidant effect in vitro is controversial. Lim et al. (1992) and Palozza et al. (1996) showed that CX was a more powerful antioxidant than β-carotene in vitro, but Woodall et al. (1997a,b) reported that the antioxidant activity of this xanthophyll was lower than that of other carotenoids.
In addition, comparison of our results is difficult because the antioxidant effectiveness of dietary supplementation with CX has been studied only in chicken meat. This lack of effect of CX may be due to several factors: dosage, kinetics, and metabolism or its mechanism of action.
We limited the dosage to 5 mg/kg of feed because if more was used, the yolk would be too red, and thus the eggs would not be suitable for commercial purposes. Moreover, the works published about broilers comprise a wide range of dosage, without a clear association between dosage and antioxidant activity. Ajuyah et al. (1993a) , Barroeta and King (1991) , and Mayne and Parker (1989) found an antioxidant effect on broiler tissues when chick diets were supplemented with 10, 3.6, and 500 mg/kg of diet respectively. On the other hand, Jensen et al. (1998) and Woodall et al. (1996) using 2 or 100 mg/kg of feed, respectively, concluded that this xanthophyll had no antioxidant activity on broiler tissues. Another possible explanation could be that although CX has been deposited, the amount of CX present in the egg is not enough to exert its antioxidant activity. Mayne and Parker (1989) reported a reduction of lipid oxidation in broiler liver homogenates by using doses of CX in broiler diets that were 100-fold greater than those used in our experiment. This reduction was associated with a higher concentration of α-tocopherol in the liver of the CX-supplemented broilers. In our study, CX did not alter α-tocopherol levels in eggs (Table 5 ).
The synergistic activity of α-tocopherol and CX has been reported (Ajuyah et al., 1993a; Jørgensen and Skibsted, 1993) but was not observed in our study. The low rate of the reaction between CX and phenoxyl radicals to regenerate phenols (Mortensen and Skibsted, 1997) can account for the lack of synergistic effect between α-TA and CX supplementation.
In addition, carotenoids with 11 or more conjugated double bonds are very effective in the physical quenching of singlet oxygen (Di Mascio et al., 1989; Min and Lee, 1996) , which is an important mechanism to prevent lipid photosensitized oxidation. Because our eggs were stored in the dark, the photosensitized oxidation was low, and the physical quenching of singlet oxygen by CX was negligible.
The interaction between the effect of the dietary oil and CX supplementation affected TBA values at 6 mo ( Figure 2B ). Although not significant, the same tendency was observed at 0 and 12 mo of storage. Canthaxanthin supplementation increased TBA values in eggs from LO treatments but reduced them in eggs from SO treatments. This result could indicate a prooxidant effect of CX in eggs from LO diets, which would be related to the slightly higher deposit of CX in fresh eggs from LO diets (Table 5 ). Furthermore, depending on the dietary oil, CX showed a different effect on the deposit of certain ω3 PUFA to fresh eggs. Thus, although long-chain PUFA, including LNA, docosapentaenoic acid and DHA, and total ω3 PUFA, were significantly increased in eggs from LO diets when CX was added to diet, those FA were reduced in eggs from SO (Table 8 ). In addition, α-tocopherol deposit was slightly lower in eggs from LO diets ( Table 5) .
Effect of Spray-Drying and Storage on Lipid Oxidation. As stated earlier, fresh eggs are hardly affected by lipid oxidation. This stability can be attributed to the presence in egg of natural antioxidants such as tocopherols, carotenoids, and phosvitin and to the structure of yolk low-density lipoproteins (LDL) (Pike and Peng, 1985; Burley and Vadehra, 1989; Ternes and Leitsch, 1997) . Phospholipids and protein are interwoven in the exterior structure of the yolk LDL, which prevents oxygen from entering the lipid core of the particle (Pike and Peng, 1985; Burley and Vadehra, 1989) . When eggs were spray-dried, there was a 10-fold increase in TBA values.
This process increases lipid oxidation by two main ways: high temperature during the spray-drying process increases free radical formation, and LDL structure is disrupted, which facilitates the interaction between lipids and oxygen, increasing lipid oxidation.
During storage of spray-dried eggs, oxidation values increased until approximately 6 mo and then declined. Reduction in LHP values can be explained by the predominance of the transformation of LHP to secondary oxidation products over LHP formation. The difference in LHP values between dietary oils during storage can be explained by the different rates of oxidation of the predominant FA. Lipid hydroperoxides are formed from LNA at a higher rate than from LA, and its transformation to secondary oxidation products is also more rapid (Labuza, 1971; Hamilton, 1989) . Thus, the increase in LHP values is more rapid in LO eggs than in SO eggs, as well as the subsequent transformation to secondary products and, thus, the reduction of LHP.
A reduction of TBA values in spray-dried eggs was observed at 12 mo of storage. Gebert et al. (1998) , who supplemented hen diets with safflower oil or tallow, found that TBA values decreased in shell eggs stored at 4 C for 6 mo. Scheideler et al. (1997) described a reduction in TBA values in shell eggs from hens fed a diet with fish oil or different levels of flaxseed, during a 6-wk refrigerated (12 C) storage. Gokalp et al. (1983) also described a reduction in TBA values in cooked beef patties after 3 mo of frozen storage and attributed this finding to the reduction in the formation of MDA from unsaturated FA or to its reaction with amino or carbonyl groups. As reviewed by Esterbauer et al. (1991) and Aubourg (1993) , MDA can react with a wide range of compounds (amines, aminoacids, aminosugars, proteins, nucleosides), or it can form dimers or trimers of MDA, which decreases the amount of MDA available to react with TBA and, as a result, decreases the TBA values.
α-Tocopherol is very effective in preventing lipid oxidation at 6 and 12 mo of storage of spray-dried eggs. The reduction of TBA values caused by dietary α-TA supplementation was higher at 6 and 12 mo of storage than just after spray-drying. Our results differ from those obtained by Wahle et al. (1993) , who, after 12 mo of storage, observed an increase of the difference between the TBA values of spray-dried eggs from supplemented and unsupplemented treatments. These differences can be attributed in part to the fact that, in our study, eggs were enriched with PUFA, whereas Wahle et al. (1993) used non-PUFA-enriched eggs. The different evolution of LHP and TBA values, depending on sample unsaturation degree and processing and storage conditions, shows the need to determine several oxidation parameters to assess lipid oxidation.
In conclusion, dietary supplementation with 200 mg of α-TA/kg of feed increased the oxidative stability of PUFA-enriched eggs and decreased the oxidation associated with spray-drying process and storage. Dietary supplementation with 5 mg of CX/kg of feed had no antioxidant effect. Moreover, no synergistic activity was observed between CX and α-TA. On the other hand, eggs enriched with ω3 FA appeared to be more susceptible to lipid oxidation than those enriched with ω6 FA. Spraydrying of PUFA-enriched eggs increased oxidation up to ten times. Dietary supplementation with α-TA and CX also slightly modified the long-chain PUFA composition of these eggs.
